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Edited by Peter BrzezinskiAbstract The N-terminal domain (N-domain) of the ﬁreﬂy
luciferase from Photinus pyraris has weak luminescence activity,
and shows a unique light emitting proﬁle with very long rise time
of more than several minutes. Through a sensitive assay of the
reaction intermediate luciferyl-adenylate (LH2-AMP), we found
that the slow increase in the N-domain luminescence faithfully
reﬂected the concentration of dissociated LH2-AMP. No such
correlation was observed for wild-type or mutant enzymes with
short rise time, except one with longer rise time. The results
suggest that the C-terminal domain plays an indispensable role
in eﬃciently coupling adenylation and oxidative steps.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Fireﬂy luciferase (Luc) is a monooxygenase that produces
excited state oxyluciferin (OxL) from ﬁreﬂy D-luciferin (LH2)
by two-step catalysis.
Lucþ LH2 þATP ¡
Mg2þ
Luc : LH2-AMPþ PPi ð1Þ
Luc : LH2-AMPþO2 ! OxLþ LucþAMPþ CO2 þ light
ð2Þ
The former (1) is the adenylation step forming the luciferyl-
adenylate (LH2-AMP) intermediate from LH2 and ATP, and
is common among the acyl-adenylate forming enzyme super-
family [1–3] including fatty acyl-CoA synthetases and
non-ribosomal peptide synthetases [4–8]. On the other hand,
the latter oxidative step (2) is unique to Luc, which produces
excited state OxL via proton abstraction at the C4 carbon ofAbbreviations: C-domain, C-terminal (441–550 aa) domain of Photinus
pyralis luciferase; CoA, coenzyme A; GST, glutathione S-transferase;
LH2, D-luciferin; Luc, ﬁreﬂy luciferase; N-domain, N-terminal (1–440
aa) domain of Photinus pyralis luciferase; PPi, pyrophosphate; Ppy
WT, recombinant Photinus pyralis luciferase containing the additional
N-terminal peptide GPLGS
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gen, the dioxetanone intermediate formation and its collapse
[9–11]. Relaxation of oxyluciferin is accompanied by radiation
of visible light, with the quantum yield for this process being as
high as 0.9 [12].
According to crystal structural studies [13,14], Luc is com-
posed of a large N-terminal domain (1–440 aa, N-domain)
and a smaller C-terminal domain (441–550 aa, C-domain)
connected by a ﬂexible linker region, and that the presumptive
active site is surrounded by residues mainly locating on the
N-domain except for one or a few residue(s) in the C-domain
[15].
We recently found that Photinus pyraris (Ppy) luciferase
mutant lacking the whole C-domain (the N-domain) still
retained its luminescent activity [16]. The luminescence from
the N-domain had a peak wavelength around 620 nm irrespec-
tive of pH, and was not enhanced by coenzyme A (CoA). Most
interestingly, the N-domain showed an extra long rise time, the
time required until the emission reaches its maximum, of more
than 4 min. According to previous reports [15,17–20], the rise
times for wild-type (WT) and mutant Ppy are mostly around
or less than 1 s. The rise phase of the Luc reaction has been
interpreted to be the step involving proton abstraction at the
C4 carbon of LH2-AMP, and to be accompanied by a large
conformational change of the enzyme-intermediate complex
[21].
To clarify the underlying molecular mechanism for the
slow increase of N-domain luminescence, and also the role
of the C-domain in Luc luminescence, we focused on the
amount of the reaction intermediate LH2-AMP [22] during
the light-emitting reaction. With the aid of a novel method
for speciﬁcally detecting nano-molar LH2-AMP, LH2-AMP
concentrations during the reaction of WT and several mutant
Luc were compared.2. Materials and methods
2.1. Materials
ATP, D-luciferin (LH2), and bovine serum albumin (BSA) were from
Sigma, USA. Tricine, MOPS and MES were from Dojindo, Kuma-
moto, Japan. Oligonucleotides were from Texas Genomics, Tokyo,
Japan.
2.2. General methods
The bioluminescence activity was determined using integration-
based light assay with a luminometer AB-2100 (Atto, Tokyo, Japan).
The reaction buﬀer was composed of 100 mM Tricine, 10 mMMgSO4,
300 lM LH2, 10 mM ATP, and 1 mg/ml BSA, pH 8.0 unless otherwiseblished by Elsevier B.V. All rights reserved.
Fig. 1. The emission proﬁles of the N-domain. Open circle and solid
square indicate emissions from 3.7 nM puriﬁed LH2-AMP, and
300 lM LH2/10 mM ATP, respectively, in a 100 lL solution contain-
ing 100 mM MOPS, 1 mg/ml BSA and 1 lM N-domain, pH 7.0. Data
were acquired with a sampling rate and an integration time of 0.02 s.
4390 K. Ayabe et al. / FEBS Letters 579 (2005) 4389–4394indicated. Data were acquired with Luminescencer JNR control soft-
ware (Atto) with sampling intervals and integration times of 5–300
and 0.02–1 s, respectively, unless otherwise indicated. Emission inten-
sities were expressed as the light count per second (cps).
2.3. Site-directed mutagenesis
QuikChange site-directed mutagenesis kits (Stratagene) were used to
generate K529A and H245D mutant genes. Mutagenesis was carried
out according to the manufacturers instructions, using the pGEX-
Ppy vector encoding recombinant P. pyralis luciferase containing the
additional N-terminal peptide GPLGS (Ppy WT) [16] as a template,
and the following oligonucleotides and their complementary strands
as primers; for K529A, 5 0-A AGG TCT TAC CGG GCA ACT
CGG CGC AAG-3 0; and for H245D, 5 0-GTT CCA TTC CAT GAC
GGT TTT GGA ATG T-3 0 (bold letters represent mutated codons).
2.4. Expression and puriﬁcation of Luc and its mutants
Ppy WT and its mutants were overexpressed in Escherichia coli
XL10-Gold as glutathione S-transferase (GST)-fusion proteins, and
puriﬁed as previously [16]. The puriﬁed enzymes were stored at 4 C
in 50 mM Tris–HCl, 1 mM EDTA, 150 mM NaCl, 1 mM DTT, and
0.8 M ammonium sulfate, pH 8.0. The protein concentrations were
determined with a Bradford protein assay kit (Bio-Rad, Tokyo, Japan)
with BSA as a standard.
2.5. Synthesis and puriﬁcation of LH2-AMP
Chemical and enzymatic syntheses and puriﬁcation of luciferyl aden-
ylate (LH2-AMP) were performed according to Dukhovich et al. [23],
except that the enzymatic reaction was performed in 0.5 ml of 100 mM
MOPS, 10 mM MgSO4, 10 mM ATP, 300 lM LH2, 1 mg/ml BSA and
1 lM Ppy WT, pH 7.0. at 25 C for 5 min. The reaction was termi-
nated by adding 50 ll of 1 N HCl before puriﬁcation under pH 3.5
to minimize possible hydrolysis and epimerization of the product
[22]. The LH2-AMP concentration was determined from its ﬂuores-
cence (ex: 327 nm/em: 537 nm), taking the ﬂuorescence intensity of
LH2-AMP as 0.45 times that of LH2 at pH 5.0 [24].
2.6. Detection of enzymatically formed LH2-AMP under aerobic and
anaerobic conditions
The detection of LH2-AMP formed in the Luc reaction was per-
formed as follows. The reaction to be assayed was carried out at pH
7.0 in a solution containing 100 mM MOPS, 10 mM MgSO4, 10 mM
ATP, 300 lM LH2, 1 mg/ml BSA and 1 lM Luc or its mutant, unless
otherwise indicated. In the case of an anaerobic reaction, the reaction
was carried out in a glove bag wherein air was substituted by N2, and
all solutions except the enzyme stock were bubbled with N2 immedi-
ately before the reaction. At several time points during the reaction,
40 ll aliquot of the reaction mixture was taken and mixed with 4 ll
of 1 N HCl to quench the reaction. After an optional ultraﬁltration
with microcon YM-30 (Millipore, MA, USA) to remove proteins
(see results), an aliquot (5 ll) of the ﬁltrate was taken and mixed with
100 ll adenylate assay solution containing 100 mM Tricine, 1 lM
N-domain and 1 mg/ml BSA, pH 8.0 in a 96-well maxisorp white
microplate (Nunc, Roskilde, Denmark) well at room temperature,
and immediately measured for 4 s (from 1 to 5 s after the mix) to deter-
mine the integrated light intensity.3. Results and discussion
3.1. Emission proﬁle of the N-domain with puriﬁed LH2-AMP as
a substrate
As a tool to clarify the reaction step responsible for the slow
increase in the N-domain light emission, we prepared the reac-
tion intermediate LH2-AMP according to published protocols
[23]. When we ﬁrst employed chemically synthesized, puriﬁed
LH2-AMP as a substrate for the N-domain enzyme, we
observed a reaction proﬁle with a much shorter rise time than
observed with LH2 and ATP (data not shown). However, since
the amount of the obtained compound was not enough for thequantitation, we then prepared larger amounts of LH2-AMP
from the enzymatic reaction of WT Luc. Use of enzymatically
prepared LH2-AMP had another merit that it is rich in biolog-
ically active D-enantiomer [22]. When LH2-AMP puriﬁed from
the enzymatic reaction was mixed with the puriﬁed N-domain
at pH 7.0 and the time course of the light emission monitored,
a markedly shorter rise time of 10 s as well as a quicker decay
rate than those of the reaction with LH2 and ATP were
observed (Fig. 1). No apparent changes were observed in the
rise and the decay times for any concentrations of LH2-AMP
(data not shown). It is worth noting that nanomolar (3.7 nM
estimated by the comparison with LH2 ﬂuorescence) LH2-
AMP showed almost the same luminescence intensity as that
from the ﬁnal 300 lM LH2 and 10 mM ATP at 2 min after
the start of reaction, indicating far superior eﬃciency of
LH2-AMP than the original substrates in the N-domain light
production reaction. From these results, it became clear that
the oxidative step itself was not responsible for the slow
increase of N-domain luminescence.
3.2. Detection of LH2-AMP formed by the N-domain
To investigate the contribution of the prior reaction step(s),
we next attempted to detect LH2-AMP produced by the N-do-
main. Previously, the amount of LH2-AMP in the WT Luc
reaction was estimated by stopping the reaction with acidic
water and measuring the emission from a small aliquot diluted
in an excess reaction buﬀer containing fresh WT Luc [23]. The
assay was based on the principle that a large dilution of the
substrates to less than their respective Km values more aﬀects
the adenylation reaction using the two substrates LH2 and
ATP than the oxidative step that uses single intermediate
LH2-AMP as a substrate. However, because of the excess
(5000-fold) dilution and the background emission due to
carried-over substrates, the method was not sensitive enough
to detect the smaller amount of LH2-AMP produced by the
N-domain. Thus we modiﬁed the method to use the N-domain
itself as a detection reagent (Fig. 2A).
Fig. 2. (A) Schematic diagram of LH2-AMP assay. (B) Emission
proﬁles observed in the adenylate assay. The emissions from the
N-domainmixed with ﬁltered (solid triangle) or not ﬁltered (solid circle)
aliquot of the original reaction are shown. The results without ﬁltration
where the N-domain was omitted in the original reaction (open
diamond), or in the adenylate assay (open square) are also shown.
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Fig. 3. Time courses of emission from the original N-domain reaction
(open circle) and estimated LH2-AMP concentration therein (solid
square). The emission intensity is expressed as a relative value against
themaximal emission fromPpyWTmeasured under aerobic conditions.
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and ATP (termed ‘‘original reaction’’) at pH 7.0, aliquots were
taken and mixed with 1/10 vol. of 1 N HCl to stop the reaction
and also to stabilize the LH2-AMP in the acidic condition
before proteins were removed by ultraﬁltration. Afterwards,
an aliquot was mixed with the assay solution at pH 8.0
containing the N-domain (termed ‘‘adenylate assay’’), and
immediately measured for light emission. While the N-domain
luminescence from LH2 and ATP was weak in the beginning of
the reaction, the luminescence from LH2-AMP would be
sensitively detected at the same reaction phase. Fig. 2B shows
a typical emission proﬁle of the adenylate assay. When the
N-domain was mixed with the extract from the original reac-
tion (solid triangle), the emission reached its maximum within
10 s in a manner similar to the reaction with puriﬁed LH2-
AMP. Further, the initial light intensity was much higher than
the control without enzyme in the original reaction (open
square). Even when ﬁltration was omitted before the assay step
(solid circle), the observed light intensity was almost the same
as in the case with the ﬁltration step. Furthermore, no signiﬁ-cant refolding of acid-denatured enzyme, or non-enzymatic
chemiluminescence of LH2-AMP due to increased pH, was
observed (open diamond) in the assay without the N-domain.
From these data, we reasoned that the emission intensity
integrated for the ﬁrst several seconds of the adenylate assay
well reﬂected the initial concentration of the reaction interme-
diate LH2-AMP produced in the original reaction. However,
there was a possibility that the LH2 and ATP carried over to
the adenylate assay might compete for the reaction. To test
this, inclusion of ATP or LH2 in the light emission reaction
with puriﬁed LH2-AMP (8.4 nM) as a substrate was tested.
As a result, no inhibition or stimulation of the obtained light
intensity up to 30 lM LH2 (100 ± 3% to 97 ± 2%) or 1 mM
ATP (100 ± 2% to 103 ± 2%), respectively, was observed. Since
the concentrations were higher than those of carried over LH2
and ATP of 12.5 lM and 0.42 mM, respectively, the eﬀects
were considered negligible. This is also supported by the
similar ﬂash patterns of puriﬁed LH2-AMP and those in the
presence of LH2 and ATP.
In addition, through the comparisonof the result with puriﬁed
LH2-AMP (8.4 nM) that gave 8800 cps with a background
luminescence of 100 cps in the adenylate assay (Fig. 2B), the
sensitivity of the method was estimated as 0.1 nM, which
was far below the value obtainedpreviously (of several nM, from
Fig. 2 in [23]).
Furthermore, the results also suggested the possibility that
the light emission from the original N-domain reaction
reﬂected LH2-AMP concentration in the reaction mixture. In
fact, when the time dependency proﬁle of the LH2-AMP con-
centration estimated by this method was superimposed on that
of the light emission of the original N-domain reaction, the
two proﬁles were almost indistinguishable (Fig. 3), suggesting
that this is indeed the case.
3.3. LH2-AMP production during the reaction of mutant
luciferases
The amounts of LH2-AMP formed by Ppy WT and other
mutants were also estimated by the new method. Two charac-
teristic mutants K529A and H245D were chosen and prepared
for comparison. K529A is a mutant in which Lys529, which is
4392 K. Ayabe et al. / FEBS Letters 579 (2005) 4389–4394considered essential for the adenylation activity, was substi-
tuted to Ala [15], while its rise time was similar to that of
Ppy WT. On the other hand, the rise time reported for
H245D (59 s) was the longest among Luc single point mutants,
though the reason has not been clariﬁed [20]. To compare
LH2-AMP accumulation with or without oxidative processes,
the original reactions were also performed in the globe bag
wherein the oxygen concentration was considerably reduced
by substituting air with N2 gas.
The results are shown in Fig. 4. The left Y axis of the panels
indicates the LH2-AMP concentration as measured in Fig. 3,
and the rightY axis indicates the relative luminescence intensity
corrected for the enzyme concentration taking the maximum
emission from Ppy WT as 100. Clearly, the N-domain and
H245D show similar behaviors at two points. First, the lumines-
cence emission proﬁles faithfully followed that of the LH2-AMP
concentration of the reaction mixture. On the other hand, those
of Ppy WT and K529A were apparently independent of the
LH2-AMP concentration. Second, the diﬀerences in maximal
LH2-AMP concentration between aerobic and anaerobic condi-
tions of these mutants were smaller than those of Ppy WT and
K529A, both of which showed distinct increases in LH2-AMP
levels in anaerobic conditions. This implies that even in an aer-
obic condition, a substantial portion of the LH2-AMP formed0
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Fig. 4. Time courses of LH2-AMP concentration in reactions with 1 lM each
(indicated as solid square) and anaerobic (crosshair) conditions. The light em
10 nM H245D are also shown (open circle). The emission intensities (% WTby the N-domain or H245D is released in solution rather than
immediately consumed in the following oxidative step. In fact,
under aerobic conditions, the ratio between LH2-AMP released
over relative luminescence intensity is higher for the N-domain
and H245D than the other two enzymes.
As a measure of oxidative activity of these enzymes, relative
light-emitting activities of the enzymes with LH2-AMP as a sub-
strate (corresponding to kcat/Km) were investigated (Table 1).
Compared with Ppy WT and K529A, N-domain and H245D
showed two-orders of magnitude lower activities either in the
presence or absence of 10 mM MgSO4, also supporting the
above assumption.
From these results, a probable reaction scheme for the N-do-
main is postulated as follows. After the adenylation reaction, a
major part of the LH2-AMP formed is once dissociated from
the enzyme. As adenylation proceeds and free LH2-AMP accu-
mulates against hydrolysis, the ratio of enzyme-bound LH2-
AMP increases according to the equilibrium. The slow increase
in emission observed would reﬂect this re-association. On the
other hand, the emission from Ppy WT or K529A is indepen-
dent of free LH2-AMP because the amounts of enzyme-LH2-
AMP complex are mainly determined by the adenylation rate
of LH2 rather than slow dissociation/re-association rates. This
means that the C-domain plays a very important role by stabi-0
5
10
15
20
25
30
35
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0 10 20 30 40 50 60 70
LH
2-
A
M
P
co
n
c.
[n
M
]
Em
ission
Intensity[%
ofW
T]
Time [min]
0
100
200
300
400
500
600
700
0
0.2
0.4
0.6
0.8
1
1.2
0 10 20 30 40 50 60 70
LH
2-
A
M
P
co
n
c.
[n
M
]
Em
ission
Intensity[%
ofW
T]
Time [min]
K529A
H245D
B
D
of: (A) Ppy WT; (B) K529A; (C) N-domain; (D) H245D under aerobic
ission proﬁles of 0.1 nM Ppy WT, 10 nM K529A, 1 lMN-domain, and
) are corrected for the enzyme concentration.
Table 1
Relative activities of the enzymes with LH2-AMP as a substrate
Enzyme Relative activity with LH2-AMP
Mg2+ (+) Mg2+ ()
Ppy WT 100 46
K529A 28 15
H245D 0.31 0.24
N-domain 0.18 0.11
Assays were performed in 100 ll of 100 mM Tricine, 1 mg/ml BSA, pH
8.0 with or without 10 mM MgSO4, and started with 8, 16, or 25 nM
LH2-AMP. The enzyme concentrations used were 10 nM for WT and
K529A, and 1 lM for the N-domain and H245D. The values are
shown as % WT activity in the presence of Mg2+, and corrected for the
diﬀerent enzyme concentrations.
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active involvement in adenylation and oxidative steps. While
the recently proposed C-domain rotation model [25] is attrac-
tive, our results indicate that the possible rotation of the
C-domain would be fast enough to prevent any diﬀusion of
LH2-AMP out of the reaction center.
Another interesting ﬁnding is the similarity of H245D to the
N-domain. While H245D has reportedly 87 times larger
(2.6% of Ppy WT) relative integrated light emission activity
[20] than the N-domain (0.03% of Ppy WT) [16] with LH2
and ATP as substrates, it shows similar (2-fold) relative
activity compared to the N domain with LH2-AMP as a sub-
strate (Table 1). In addition, it shows a markedly red-shifted
emission maximum of 617 nm at pH 7.8, similar to the N do-
main. Although the adenylation rate of H245D is not known,
since 1 lM H245D shows more than a 30-fold higher LH2-
AMP accumulation than the same concentration of the N-do-
main in both aerobic and anaerobic conditions (Fig. 4C and
D), the mutation seems to selectively inhibit the oxidation
reaction, probably by destabilizing the second closed state
involving Lys443, similar to the K443A enzyme [25]. Possibly,
the negative charge of Asp245 may cancel the phosphate
stabilization eﬀect of Lys443 due to its positive charge, because
both residues are thought to locate in close proximity to the
phosphate moiety of LH2-AMP.
The present study, as well as our previous one, indicates an
interesting possibility that for all the enzymes in acyl-adenylate
forming enzyme superfamily, the C-domain is not essential,
even dispensable, for their function. However, the C-domain
should be also important in keeping their labile intermediate
in their reaction center for the eﬃcient coupling of their half
reactions, and also for keeping the intermediate away from
hydrolysis. Experimental veriﬁcation of this possibility may
further expand our understanding of the reaction mechanisms
for these varieties of enzymes.
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